Organic acids are considered as potential substrates for biosynthesis of polyhydroxyalkaonates. The acids may also be the metabolic inhibitors at moderate concentration levels. In this study, Ralstonia eutropha was used to elucidate the protein regulations when the bacterial cells pre-cultivated on glucose were exposed to three representative short chain organic acids, acetic, propionic and levulinic acids. The research compared and examined the proteins that might participate in PHA metabolism, primary metabolism, and cell's defense systems. A number of proteins were found to be induced in R. eutropha by using 1D-PAGE and nano-liquid chromatography tandem MS/MS. With the proteins being up-regulated, a dramatic change occurred in the induction of PHA metabolism, including fatty acid biosynthesis for acetate, β-oxidation for propionate and both for levulinic acid. Acetate kinase was induced in response to the presence of acetate or levulinic acid. The organic acids induced several proteins involved in amino acid biosynthesis, purine and pyrimidine biosynthesis, and cofactor biosynthesis in R. eutropha, but the regulations had a great variation. R. eutropha might employ different regulation mechanisms to maintain cell growth and PHA formation when the cells are exposed to the organic acids as sole source of carbon and energy.
Introduction
Ralstonia eutropha, an aerobic gram-negative bacterium, can use sugars, organic acids and alcohols to synthesize a family of polyesters, polyhydroxyalkanoates (PHAs) as carbon storage [1] . PHAs are biodegradable, eco-friendly thermoplastics and have the similar material properties of petrochemical polymers such as polyethylene and polypropylene [2] . Lignocellulosic biomass, after pretreatment, can be used as a renewable feedstock for microbial production of various bioproducts including ethanol and PHA bioplastics [3, 4] . Mineral acid-catalyzed thermal hydrolysis followed by enzymatic saccharification of the polysaccharides is widely used to convert biomass into fermentable sugars [5, 6] . Depending on the severity of processing conditions, short chain organic acids, such as formic, acetic, and levulinic acids are formed as the major hydrolytic byproducts [7, 8] .
Two problems pose the challenges to the microbial biosynthesis of PHAs from the hydrolytic sugars and organic acids. First, it is well known that the organic acids are toxic or inhibitive to microbial cells including R. eutropha, particularly at high concentration levels [9, 10] . The responses of the cells to the organic acids, such as regulation of proteins, can reveal the metabolic activities and mechanisms in detoxification and utilization of different organic acids by the microbial cells [10] . The information is also useful in design and operation of PHA fermentation. Second, it is well known that R. eutropha will form different PHA biopolymers on different organic acids, involving different metabolic pathways and enzymes [1, 2] . More specifically, it produces a homopolymer, poly(3-hydroxybutyrate)(P3HB) on glucose and/or acetic acid, a copolymer, poly(3-hydroxybutyrateco-3-hydroxyvalerate)(P3HB3HV) on propionic acid or a mixture of acetic and propionic acids, and a terpolymer, poly(3-hydroxybutyrate-co-3-hydroxyvalerate-co-4-hydroxyvalerate)(P3HB3HV4HV) on levulinic acid [11] [12] [13] . It is an interesting topic in production of bioplastics, because the PHA polymers show different material properties, from a brittle P3HB to a ductile P3HB3HV4HV with special applications [2] . The information on proteins involved in different metabolic pathways, particularly the regulation of the enzymes in cells' responses to different organic acids, is invaluable to biosynthesis of PHA biopolymers.
Herein, we grew R. eutropha on glucose in a chemically defined mineral medium and exposed the cells to acetic, propionic and levulinic acids at a moderate concentration level. We examined the up-and down-regulations of the proteins in comparison with the cells grown on glucose. We further checked the possible roles of the proteins in PHA biosynthesis and general cell metabolism on different organic acids.
Materials and Methods

Strain and Cultivation
Ralstonia eutropha (a laboratory isolate) was maintained on nutrient slants containing 5 g/L of yeast extract, 5 g/L of peptone and 2.5 g/L of meat extract. The aerobic bacterium was cultivated in a mineral solution containing (per liter): 2 g NaH 2 PO 4 , 3.7 g K 2 HPO 4 .3H 2 O, 0.5 g NaHCO 3 , 0.5 g MgSO 4 .7H 2 O, 1 g NaCl, 0.01 g CaCl 2 .2H 2 O, 5 g (NH 4 ) 2 SO 4 , and 5 mL of trace solution [10] . The flask cultures were shaken at 200 rpm and 30 o C for 48 h. In the first 24 h, the cells were grown on glucose (2 g/L) and the dry cell mass (DCM) concentration reached about 1 g/L. The initial pH was controlled at 6.9 and the pH increased to 7.4 after the cultivation. Solutions (pH 6.5-7) of three organic acids were aseptically added into the cultures to a level of 5g/L. Glucose was also added into one flask for comparison. The medium pH was increased from initial 6.8 to 7.4 and the dry cell mass (DCM) concentrated reached about 1 g/L. The flask cultures were shaken in the same conditions for the second 24 hrs. The cells were harvested with centrifugation at 5,000 g for 20 min, and freeze-dried for later use.
One-dimensional SDS-polyacrylamide gel electrophoresis
One dimensional (1D) SDS-polyacrylamide gel was performed as described by Laemmli [14, 15] . Samples of 20 μg were mixed with SDS-PAGE sample buffer and heated at 100 o C for 5 min. The denatured proteins were separated on 10-20% gradient polyacrylamide SDS gels and then stained by Coomassie dye (G-250). For determination of molecular weight, 10 μL of precision plus protein standards (Bio-Rad, California, USA) were applied on the gels. All protein bands were sliced from the gel, destained with 50% (v/v) acetonitrile in 50 mM NH 4 HCO 3 , and completely dried in a speed-vacuum centrifuge. Then 20 μL of sequencing-grade modified porcine trypsin (20 μg/μL in 50 mM NH 4 HCO 3 ) was added to the dried gel slices that treated with DTT and iodoacetamide prior to addition of trypsin. The unabsorbed solution was removed before 20 μL of NH 4 HCO 3 was added to the rehydrated slices. These samples were incubated at 37 o C overnight. Tryptic digestion was stopped by adding 5 μL of 2% trifluoroacetic acid (TFA). The digested peptides were extracted from each gel slice by sonication of 0.1% TFA and 50% acetonitrile/0.1% TFA for 45 min. Both supernatants were combined for LC-MS/MS analysis.
Nano-electrospray LC-MS/MS analysis
LC-MS/MS analyses were carried out with Ultimate TM system interfaced to a quadrople ion trap mass spectrometer (Bruker Dlatonics, Billerica, MA). The gradient was (A = 0.1% formic acid; B = 0.1% formic acid in acetonitrile) 5% B for 5 min, 60 % B in 88 min, 95% B in 10 min, 5% B in 15 min, 5% B for 20 min. Peptide spectra were recorded over a mass range of m/z 300-2500, MS/MS spectra were recorded in information dependent data acquisition over a mass range of m/z 50-1600. One peptide spectrum was recorded followed by two MS/MS spectra; the accumulation time was 1 sec for peptide spectra and 2 sec for MS/MS spectra. The collision energy was set automatically according to the mass and charge state of the peptides chosen for fragmentation. Doubly or triply charged ions were selected for product ion spectra. MS/MS spectra were interpreted by Mascot (Matrix Science Ltd, London, UK) via Biotools 2.2 software (Bruker Daltonics).
Analysis of peptide sequences
Peptide mass fingerprint (PMF) searches based on peptide masses measured were performed using the SWISSPROT database or MSDB database with the Mascot program. PMF used the assumption that pep-tides are monoisotopic, oxidized at methionine residues and carbamidomethylated at cysteine residues. Up to one missed trypsin cleavage was allowed, although most matches did not contain any missed cleavages. Mass tolerance of 1.0 Da was the window of error allowed for matching the peptide mass values. Probability based MOWSE scores were estimated by comparison of search results against estimated random match populations and were reported as: 10 x log 10 (p), where p is the absolute probability. Scores in Mascot greater than the score at p = 0.05 were considered significant, meaning that for scores higher than the score at p = 0.05 the probability of that match being a random event is lower than 0.05.
The algorithm used for determining the probability of a false-positive match with a given mass spectrum is described elsewhere [16] . Electrospray tandem LC-MS/MS measurements of the samples prepared from 1D SDS-PAGE showed mass differences between R. eutropha cells fed with organic acids and glucose. Approximately, six hundred proteins from more than one thousand hits were identified by Mascot search and differently expressed proteins were used to elucidate organic acid metabolism and PHA production mechanisms employed in R. eutropha. The cells expressed differently with the diverse of organic acids (Tables 1-3) after they were exposed to organic acids for 24 h. 
Results and Discussions
Proteins induced by individual organic acids
Acetic acid causes the up-regulation acetoacetate metabolism regulatory protein, acetoacetyl-CoA reductase, putative acetyl-CoA:acetoacetyl CoA transferase, myo-inositol catabolism protein, methyl-malonyl-CoA mutase, carnitine o-acetyltransferase, probable acyl-CoA dehydrogenase, 3-oxo-acyl-carrier protein synthase, enoyl-[acyl-carrier-protein]reductase, fatty acid/phosphlipid synthesis protein, fatty acid-CoA ligase, and acetyl/propionyl-CoA carboxylase involved in PHA metabolism, β-oxidation, and fatty acid biosynthesis (Table 1) . Propionic acid up-regulates acetoacetyl-CoA reductase, probable enoyl-CoA hydratase, probable acyl-CoA dehydrogenase, probable multi-domain beta keto-acyl synthase, and acetyl/propionyl-CoA carboxylase involved in PHA metabolism, β-oxidation, and fatty acid biosynthesis (Table 2) . Levulinic acid results in the up-regulation acetoacetyl-CoA reductase, probable enoyl-CoA reductase, 3-oxo-acyl-carrier protein reductase, and fatty acid-CoA ligase in PHA metabolism, β-oxidation, and fatty acid biosynthesis (Table  3) .
In the utilization of organic acids as energy sources, R. eutropha induces acetate kinase in acetate and levulinic acid-treated growth medium, whereas the bacteria do not change the protein in response to propionic utilization (Tables 1-3 ). Three organic acids refer to induce 5-methyl tetrahydropteroyltriglutamate-homocysteine methyltransferase simultaneously and presumably to synthesis methionine. In addition to these findings, R. eutropha induces several proteins that participated in amino acid biosynthesis, purine and pyrimidine biosynthesis and coenzyme and cofactor biosynthesis during the organic acid metabolism. Bifunctional purine biosynthesis protein is up-regulated within the medium containing acetate or levulinic acid (Table 1 and 3) . Ketol-acid reductoisomerase or acetohydroxy-acid isomeroreductase is up-regulated in relation to the three tested organic acids (Table 1-3) . Besides, stress responsible proteins such as catalase, peroxidase, superoxide dismutase and proteins involved in the glutathione biosynthesis are over-expressed to detoxify oxidative anion or hydrogen peroxide presumably produced in β-oxidation or other biochemical reactions (Table 1-3) .
There are at least three different mechanisms to synthesize PHAs from organic acids including acetate, propionic acid, and levulinic acid (Fig. 1) . The first pathway is the conversion of substrates to acetyl-CoA, leading to form PHAs via acetoacetyl-CoA and 3-hydroxybutyryl-CoA. This pathway is compact and has been known to be employed in R. eutropha if glucose and other sugars are used as substrates. The second pathway is the β-oxidation of fatty acids. Finally, fatty acid biosynthesis is the avenue of PHA biosynthesis when the acetyl-CoA carboxylase catalyzes the conversion of acetyl-CoA to malonyl-CoA.
Induction of acetoacetyl-CoA reductase in R. eutropha
By R. eutropha, two acetyl-CoAs are left to be condensed to form acetoacetyl-CoA with the activity of β-ketothiolase and the resultant acetoacetyl-CoA turns to be R-β-hydroxybutyryl-CoA by an NADPH-dependent acetoacetyl-CoA reductase. The final step of the PHA biosynthesis is the reaction of the PHB synthase that convert the moiety of R-β-hydroxybutyryl-CoA to the hydroxyl groups of carboxyl end of a pre-existing PHB molecule. With all of the three substrates such as acetate, propionate, and levulinic acid, R. eutropha up-regulated acetoacetyl-CoA reductase when compared to the control (Table 1-3) . With these findings, a putative acetyl-CoA:acetoacetyl CoA transferase was induced in the growth medium containing acetate for R. eutropha. However, this type of protein was not found in the medium containing the other two substrates. The protein has been assumed to act as acetoacetyl-CoA thiolase during the PHA formation. Therefore, the addition of three different substrates into the growth medium of R. eutropha may induce similar routes of the production of PHAs, except for the induction of a putative acetyl-CoA:acetoacetyl CoA transferase with acetate addition.
Induction of β-oxidation in R. eutropha
Most naturally occurring fatty acids have an even number of carbon atoms. The pathway for catabolism of fatty acids is referred to as the β-oxidation pathway, because oxidation occurs at the β-carbon (C3).
Carnitine o-acetyl transferases catalyze transfer of a fatty acid between the thiol of CoA and the hydroxyl on carnitine. R. eutropha grown in acetate in the growth medium increased an expression of a carnitine o-acetyl transferase, whereas it did not change the protein after propionate and levulinic acid treatments (Table 1) . A probable acyl-CoA dehydrogenase was also induced after the treatments of acetate and propionate into the growth medium, whereas the addition of levulinic acid did not induce it. Feeding propionate only increased the level of enoyl-CoA hydratase, whereas treatments with acetate and levulinic acid did not over-express the protein in R. eutropha. The enzyme catalyzes enoyl-CoA into hydroxyacyl-CoA during β-oxidation of fatty acids. The reaction catalyzed by enoyl-CoA hydratase may be a key process for the formation of PHAs via β-oxidation. Therefore, R. eutropha may prefer propionate as a substrate for generating PHAs via β-oxidation rather than acetate and levulinic acid.
Induction of fatty acid biosynthesis in R. eutropha
The fatty acid-CoA synthetases ligate CoA to a free fatty acid. This step requires ATP and magnesium, as well as the CoASH. It is interesting that R. eutropha grown in the addition of acetate and levulinic acid in the growth medium up-regulated a probable fatty acid-CoA synthetase (or probable fatty acid-CoA ligase), whereas the bacteria did not change the protein after propionate treatment (Table 1) . However, we found the induction of a probable multi-domain beta keto-acyl synthase presumed as a fatty acid-CoA synthetase in the propionate treatment of the growth medium. Therefore, R. eutrohpa may induce fatty acid biosynthesis when the three tested substrates introduced into the growth medium.
Malonyl-CoA, which is a precursor of fatty acid biosynthesis, is produced from acetyl-CoA by the enzyme acetyl-CoA carboxylase. In R. eutropha, acetyl/propionyl-CoA carboxylase was over-expressed after the bacteria fed with the acetate and propionate. Thus, the two substrates might be the inducers of acetyl-CoA carboxylase during fatty acid biosynthesis. However, we did not find the induction of the protein with the levulinic acid treatment. In fatty acid biosynthesis, 3-oxo-acyl-carrier protein synthase (FabH) and enoyl-[acyl-carrier-protein] reductase (FabI) were over-expressed after acetate was treated, whereas the enzyme was not changed after propionate and levulinic acid were treated into the growth medium. In the case of 3-oxo-acyl-carrier protein reductase, R. eutropha increased it when levulinic acid was added into the growth medium. Therefore, R. eutropha may prefer acetate as a substrate via fatty acid biosynthesis as one of PHA-generating routes, even though the bacteria also induced the fatty acid biosynthesis after the treatments of propionate and levulinic acid.
Interestingly, two proteins involved in the propionyl-CoA metabolism such as a methylmalonyl-CoA mutase large subunit and a probable malonic semialdehyde oxidative decarboxylase were over-expressed in the growth medium including acetate only. They were not found in the growth medium containing propionate and levulinic acid. The methylmalonyl-CoA mutase catalyzes the conversion of methylmalonyl-CoA into succinyl-CoA during synthesis of propionate from TCA cycle. The probable malonic semialdehyde oxidative decarboxylase may convert malonic semialdehyde with Coenzyme A to acetyl-CoA. Those two proteins are the key enzymes to produce succinyl-CoA and acetyl-CoA from propionyl-CoA.
Induction of energy metabolism in R. eutropha
Acetate and propionate has been known to be used as carbon and energy sources for procaryotes, where acetate and propionate are the most abundant organic acids [17] . By utilizing acetate and propionte, they have to be catabolized or activated into their corresponding acyl-CoA forms (Fig. 2) . Acetyl-CoA enters directly into the TCA cycle, whereas propionyl-CoA can be catabolized via a number of different pathways that convert it into pyruvate, acetate and succinyl-CoA which they can enter the TCA cycle [18] . Acetate is activated into acetyl-CoA via either one of two pathways. The first pathway requires the involvement of the acetate kinase (AckA) and phosphotranacetylase (Pta) enzymes. In the enteric bacteria, AckA and Pta are responsible for the synthesis of acetyl-CoA when acetate is present in high concentrations in the environment (> 30 mM acetate). The second pathway for the activation of acetate requires the activity of the ATP-dependent acete:CoA ligase (or acetyl-CoA synthetase). Acetyl-CoA synthetase (Acs) is required when the concentration of acetate in the environment is low (<10mM acetate) [19, 20] . Therefore, the induction of AckA is related to the concentration of acetate in the growth medium and the protein may be involved in the conversion of acetate into the TCA cycle in R. eutropha. Interestingly, AckA was over-expressed in the growth medium containing levulinic acid and it demonstrated that leuvulinic acid could be metabolized to acetate in the cells by β-oxidation. Thus, levulinic acid may be similar to acetate as substrate for R. eutropha.
The two substrates, acetate and levulinic acid, also enhanced acetyl-CoA synthetase protein and it might be participated in the activation of acetate into the TCA cycle at low concenration of acetate. By the addition of acetate and levulinic acid, R. eutropha induced those two pathways to use acetate at low or high concentrations in the growth medium. By the addition of propionate, R. eutropha induced propionyl-CoA synthetase to form propionyl-CoA from propionate with a high-affinity [18] .
Recently, acetate and propionate activation by acyl-CoA synthetase are related to Sir2 protein which has a NAD + -dependent histone deacetylase activity [21] . In our findings, Sir2 protein was induced in R. eutropha fed with the addition of propionate. Therefore, propionic acid may induce the Sir2 protein for the activation of acyl-CoA synthetase in R. eutropha. 
Induction of proteins in primary metabolism
With the tested organic acids as carbon and energy sources, R. eutropha enhanced a variety of primary metabolism with the induction of several key proteins. By addition of acetate, R. eutropha cells up-regulated several enzymes involved in the production of amino acids such as arginine, proline, serine, methionine and cysteine. However, R. eutropha cells grown in propionate and levulinic acid showed the up-regulation of histidinol-phosphate aminotransferase which converts phenylpyruvate to phenylalanine. In the R. eutropha cells grown in the propionate treated medium, histidinol dehydrogenase was up-regulated and it might play an important role in histidine. Biosynthesis of three aromatic amino acids, phenylalanine, tyrosine, and tryptophan uses a shared starting compound as phosphoenolpyruvate (PEP). The condensation of PEP with D-erythrose-4-phosphate forms 7-phosphate-2-dehydro-3-deoxy-D-arabino-hepnoate and the further reactions produce an important intermediate, chorismate. Chorismate can be further metabolized in two divergent paths; one leading to tryptophan and the other to phenylalanine and tyrosine. In our study, chorismate synthase was up-regulated by levulinic acid treatment, leading to induction of the biosynthesis of the three amino acids (Table 1) .
By utilizing three organic substrates, R. eutropha enhanced several enzymes participated in pyrimidine and purine biosynthesis and cofactor biosynthesis. The induction pattern was similar between the three organic acid treatments.
Induction of defense systems in R. eutropha
During β-oxidation, acyl-CoA oxidase introduces a double bond between the α and β-carbons of the acyl-CoA and passes the electrons to oxygen molecule, leading to generate hydrogen peroxide. Catalase converts the potentially toxic hydrogen peroxide produced by acyl-CoA oxidase to water and oxygen molecule. By the addition of propionate, R. eutropha induced catalase 1 and 2 forms, whereas R. eutropha increased the level of thioredoxin, peroxide/catalase, and toxic anion resistance protein with the treatment of acetate, and of superoxide dismutase, peroxide/catalase, and thioredoxin reductase with the treatment of levulinic acide (Tables 1-3 ). Therefore, we may assume that the oxidative stress occurs during PHA formation or acquisition of organic acid substrates for carbon and energy sources in R. eutropha via β-oxidation at least.
On the other hand, R. eutropha cells grown in the acetate-treated medium enhanced glutathione biosynthesis by up-regulation of S-adenosylmethionine (SAM) synthetase catalyzing SAM formation from methionine and ATP (Table 1) . SAM is an important methyl donor for transmethylation and polyamine biosynthesis. SAM is also a key substrate of certain methylases for the regeneration of glutathione. Thus, the acetate-treated R. eutropha cells may allow SAM as an important substrate for glutathione production in response to acetic acid exposure. Cytstathione β-lyase, a key enzyme catalyzing cystathione to cysteine for glutathione biosynthesis was also induced in the acetate treatment. However, R. eutropha grown in the propionate-treated medium showed a simple employment of glutathione biosytnehsis bifuntional protein for glutathione biosynthesis. Finally, R. eutropha cells up-regulated a carboxylate-amine ligase in the levulinic acid treatment. The enzyme is considered as γ-glutamylcysteine ligase to produce the final product, glutathione [22] . Therefore, R. eutropha may vary the induction pathway of glutathione biosynthesis via a different kind of routes.
Concluding remark
The proteomic examination reveals that R. eutropha up-regulated expression of proteins when the bacterium utilized acetate, propionate and levulinic acid as carbon and energy sources. According to the TIGR protein classification, most of the over-expressed proteins in relation to PHA formation were involved in fatty acid biosynthesis for acetate, β-oxidation for propionate, and both for levulinic acid. R. eutropha also enhanced detoxifying proteins to suppress oxidative stress caused by β-oxidation. Glutathione biosynthesis mechanism was also differently up-regulated via different proteins in R. eutropha. Biosynthesis for pyridines and pyrimidines, amino acids, cofactors was up-regulated in the cells grown on three organic acids. Therefore, R. eutropha may utilize acetic acid, propionic acid and levulinic acid in different metabolisms to produce PHAs, amino acids, purine and pyrimidine, and other primary intermediates. These findings are similar to the previous report which R. eutropha up-regulated PHA forming-enzyme systems with glutathione production as a defense system to formic acid toxicity [23] . Further studies on changes in gene levels in R. eutropha will be necessary to validate roles of differently expressed proteins in response to the three tested organic acid metabolism and production PHAs.
